Abstract. Deep tillage is often performed to alleviate traffic-induced subsoil compaction, but how long do the benefits of this technique last for in intensively-managed arable soils? Heavy traffic on loose soil significantly increases the risk of soil re-compaction at depth. Chiselling and subsoiling are techniques commonly used in Argentina to remediate soil/subsoil compaction. Controlled traffic farming (CTF) through the exclusion of heavy vehicles from the field and axle load reduction (e.g., ≤ 6 Mg per axle) is a strategy occasionally used to mitigate compaction impacts. The objectives of this work were to: (a) quantify changes in the physical properties of a medium-textured soil as a result of tillage operations (subsoiling, chiselling) conducted over two consecutive crop seasons, (b) determine the effect of deep tillage on sunflower yield, and (c) quantify fuel consumption and draft requirements of deep tillage on soil affected by compaction. The experiment was conducted at a site located in the western region of the Argentinean Rolling Pampas, which has a loamy Entic haplustoll soil. Experimental treatments consisted of two tillage operations and a control plot, which had been under zero-tillage for more than 8 years. Deep soil loosening was conducted with a 117 kW, FWA tractor as follows: (1) a V-frame 7-shank subsoiler with 35-mm wide and 550-mm long tines. Shanks were spaced at 500 mm apart, and operated at 450 mm deep at 5.20 km·h -1 (2) a chisel plow with 11 rigidly-mounted, curved shanks, spaced at 285-mm apart, and operated at 280-mm deep and 6.12 km h -1 . The tillage treatments were applied to plots, which were laid-out in a completely randomized block design. This work showed that: (a) the beneficial effects of subsoiling and chiselling on removing soil/subsoil compaction lasted for 2 years, (b) these effects became negligible after that time when traffic intensity was greater than about 95 Mg·km -1 ·ha -1 due to re-compaction/re-consolidation of the soil profile, particularly in the 300-600 mm depth interval, and (c) the frequency of subsoiling should be therefore every two years if CTF was not practiced. From agronomic and economic perspectives, the results showed that: (a) sunflower yields were sufficiently high to recover the cost of subsoiling, which cost between 18 and 52 USD·ha -1 , (b) in the second year, the yields increases represented a net profit of 12 USD·ha -1 , (c) the chisel plow had lower fuel consumption and draft per shank than the subsoiler because of the relative depths at which tines were operated in both units, and (d) the total cross-sectional area loosened by the chisel plow was 14 % higher than that of the subsoiler, but its overall efficiency was about 85 % less compared with the subsoiler.
Introduction
Deep tillage is performed to alleviate traffic-induced subsoil compaction, but how long do the benefits of this technique last for in intensively-managed arable soils? Traffic on loose soil significantly increases the risk of soil re-compaction at depth, and it may therefore aggravate the problem. Soil compaction reduces root growth and therefore exploitation of nutrients and water in the subsoil, which reduces the crop yield [1] . The main arable crops grown in the western Pampas of Argentina are soybeans (Glicyne max. L. Merr.), sunflower (Helianthus annus L.) and maize (Zea mays L.). These crops are particularly susceptible to soil compaction with yield reductions greater than 15 % in most years [2] . Sunflower is South America's fourth most important crop with about 1.6million ha devoted to its production. The main producers of sunflower in this region are Argentina and Paraguay, which together produced about 3.8 million metric tonnes in the 2015/2016 season. Argentina is the second largest exporter of sunflower after Ukraine.
In central east Argentina, sunflower is grown on clayey soils under zero-tillage and these soils are commonly affected by compaction due to traffic with farm machinery. Compaction reduces soil porosity, and has detrimental effects on important soil processes and functions [3;4] . The harmful effects of traffic combined with high axle load and high tyre ground contact pressure on soil properties and crop production are well documented (e.g., [5;6] ). Techniques commonly used for remediation and management of soil compaction in that region are chiselling and subsoiling to depths between 280 and 450 mm, and to less extent controlled traffic farming and axle load reduction, respectively [7] . Yield responses to chiselling and subsoiling are generally satisfactory, but growers' evidence suggests that the beneficial effects of deep tillage are transient, also noted in related studies [8] . The objectives of this work were to: (a) quantify changes in soil physical properties of an Entic haplustoll as induced by deep tillage (subsoiler and chisel plow) operations conducted over two growing seasons, (b) improve growers' awareness of potential negative effects of field traffic on loose soil following deep tillage operations, (c) determine the effect of deep tillage on sunflower yield, and (d) quantify fuel and draft required to conduct deep tillage operations on this soil.
Materials and methods
An experiment was conducted in the western region of the Argentinean Rolling Pampa in the province of La Pampa. The soil was a loamy Entic haplustoll [9] , with organic matter contents ranging from 2.4 % in the top 100 mm of the profile to 1.3 % at 600 mm depth. The experimental site (36º04'33.18" S, 62º29'14.57" W) is well-drained and had moderate permeability. Surface runoff is negligible on 0 to 1 % slopes, low on 1 to 5 % slopes, and moderate on 5 to 8 % slopes, respectively. Soil cone index (0-600 mm) before deep tillage indicated the presence of a densified layer between 150 and 300 mm depth (1.85 ± 0.082 MPa). A general characterization of the soil at the site was conducted prior to the experiment (Table 1) . The following measurements were conducted: draft, fuel consumption, work rate, cone index, sunflower yield, and root dry matter per plant. The treatments consisted of two different deep loosening operations and a no-tillage control plot, which had been in direct sowing for 8 years. Deep loosening was conducted with a 117 kW, FWA tractor as follows: (1) A V-frame 7-shank subsoiler with 35 mm wide and 550 mm long tines. Shanks were spaced at 500 mm apart and operated at 450 mm deep at a speed of 5.20 km·h -1 , (2) A chisel plow with 11 rigidly-mounted, curved shanks (dimensions: 25×20-mm), spaced at 285 mm apart, and operated at 280 mm deep at a speed of 6.12 km·h -1 . The tillage treatments were applied to all plots (dimensions: 50 m long by 30 m wide), which were laid-out in a completely randomized block design with three replications (n = 3). After 6 weeks the traffic was applied randomly as required by the sowing operation, but its intensity matched 95 Mg·km -1 ·ha -1 , which is common in this region where sunflower is grown. Statistical analyses were undertaken with Statgraf and involved analysis of variance (ANOVA) and the Duncan's multiple range test to analyse the means. Linear regression analyses were conducted with GenStat 16 th Edition (VSN International Ltd.).
Results and discussion
The results are shown in Tables 2 and 3 , and Figures 1, 2 and 3 , respectively. The shape, width, rake angle and spacing of the soil cutting tool strongly influenced soil disturbance and draft, in agreement with earlier studies (e.g., [10] ). Overall, the chisel plow had lower draft per shank compared to the subsoiler, because of the relative depths at which both implements were operated [11] , but there were no significant differences (P < 0.01) in total drawbar power (Table 2) . However, a smoother soil surface and more uniform soil disturbance at depth was observed with the chisel compared with the subsoiler, which was due to the arrangement (spacing) and geometry of tines, and the relative depths of operation of both implements [10;13] . Field measurements of draft were in good agreement with the predicted draft as estimated by a single tine force prediction model ( [11] , Figure 1 ). Tines geometry and settings (shape, width, rake angle, spacing) strongly influenced the area disturbed by the tine as well as individual tine draft. In the first and second crop seasons, the sunflower yields were approximately 28 % and 19 % higher in soil previously loosened with the subsoiler compared with the other treatments (Table 3) . No significant differences in the sunflower yield were found between the chisel treatment and the unloosened control soil, but relative yield increases were 5.7 % and 1.7 % in the first and second crop seasons, respectively. On average, the root biomass recorded in the subsoil and chisel treatments was 45 and 34 g of DM per plant, respectively, whereas in the unloosened (no-tillage) treatment this was 21 g of DM per plant. Root biomass was linearly correlated (P < 0.05, R 2 = 0.93) with the sunflower yield, and the yield also increased with increased soil depth available for root penetration (Figure 3 ).
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Sunflower yield (t ha -1 ) Fig. 3 . Relationship between dry matter root biomass measured 45 days after emergence and grain yield for sunflower crops established at experimental site. Two curves on both sides of fitted line represent its 95 % confidence interval
The beneficial effects of subsoiling and chiselling on removing soil compaction and reducing soil strength lasted for 2 years, and they became negligible after that time, when traffic intensity was greater than about 95 Mg·km -1 ·ha -1 due to re-compaction/re-consolidation of the soil profile, particularly in the 300-600 mm depth interval. Therefore, the frequency of subsoiling when CTF is not practiced should be every two years. From an agronomic perspective, the sunflower yield increased significantly in the first and second year of the experiment, concurrent with the effect of deep tillage. From an economic perspective, the yield of the crop in the first season was sufficiently high to pay-off the subsoiling operation, which cost between 18 and 52 USD per ha. In the second season, yield increments relative to the no-tillage treatment represented a net (average) profit of 12 USD per ha.
Conclusions
The beneficial effects of subsoiling and chiselling on removing soil compaction and reducing soil strength to allow for improved root penetration lasted for 2 years, and they became negligible after that time, when traffic intensity was greater than about 95 Mg km -1 ha -1 . This was attributed to recompaction (by traffic) and natural re-consolidation of the soil profile, particularly in the 300-600 mm depth interval. Based on these observations, the frequency of subsoiling in this region when CTF is not practiced should be every two years. The sunflower yield increased significantly in the first and second year of the experiment, concurrent with the effect of the deep tillage operation. From an economic perspective, the crop yields attained in the first season after tillage operations were conducted paid-off the cost of the operation, which was between 18 and 52 USD per ha. In the second season, yield increases represented a net profit of 12 USD per ha relative to no-tillage. The tine geometry and settings (shape, width, rake angle, spacing) strongly influenced soil disturbance and draft. The chisel plow had lower fuel consumption and draft per shank than the subsoiler, but there were no significant differences in total drawbar power observed between the two implements. Despite the fact that total cross-sectional area loosened by the chisel plow was 14 % more than the subsoiler, the efficiency of the chisel was 85 % less than the subsoiler.
